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(54) Rotation rate measurement and f iber optic gyroscopes 



(57) A phase modulator (86. 64. 66, 68) applies 
sequences of artificial phase shifts in the region of over- 
modulation between light beams counterpropagating 
within the sensor-coil (40, 42, 44) of a Sagnac interfer- 
ometer to obtain improved random walk performance. 
The sequences are composed of phase shifts of 
±an/2b and ±(4b-a)n/2b where a is an odd integer and 
b is an integer greater than 1. The waveform for driving 
the phase modulator is derived from a 2n radian map- 
ping plotted so that adjacent driving signal values differ 



by emJZb or -(4b-a)u/2b in a first angular dlrectidri and 
by -ait/2b or by (4b-a)n/2b in the opposite angular 
direction. Aiigulartrahsitions about the map^rig riSybe 
predetermined to generate a deterministic; r^rkiom; oir 
pseudo-random modulatioh sequence. In me event that 
a deterministic sequence is chosen, it is examined for 
orthogonality properties to assume zero average output 
bias from crosstalk. 




Prireed by Xorcn (UK) Business Services 
2.16.30,4 



EP 0871 009 A1 



Description .■'■■ViJj 

The present irtvention relates to rotation rate measurement and to ffoer optic gyroscopes. More particularly, this 
invention is applicable to apparatus and a method for overcoming the problem of bias . due to electronic cross-coupling 

5 in a ffoerciric gyroscope employing step dverii^^ 

The Sagnac irrterferometer is an instrument for determining rotation by measurement of a nonreciprocal prase d if - 
ference generated between a pair of courkerpropagating light beams. It generally comprises, ajight spurce^sueh as a 
laser, an optical waveguide defined byseverai'mirrors or a plurality of turns ofopticat fiber, a beamsplitter-combiner, a 
detector and a signal processor. •■. 

io In an interferometer, the waves coming out of the beamsplitter counterpropagate along a single optical path. The 
waveguide is "reciprocal". That is, any distortion of the optical i path affects r the counterpropagating beams similarly;- 
although the counterpropagating beams will not necessarily experience such perturbations at the same time or in the 
same direction. Time-varying perturbations may be observed where the time interval is equal to the propagation time 
of the light around the optical waveguide whereas "rk)hfecipfocar perturbations affect the counterpropagating bearrisl ; 

is differently and according to the direction of propagation. Such nonreciprocal perturbations are occasioned by physical 
effects that disrupt the symmetry of the optical rnedium through which the two beams propagate. • - • -- 

Two of meTKMireciprocal effects are quite welttftowrt The Faraday, or colinear magneto-optic, effect occurs when 
a magnetic field creates a preferential spin orientation of the electrons in an optical material whereas the Sagnac, or 
inertial relativistic effect occurs when rotation df the inteVferorVieter with respect to an inertial frame breaks the syrnme-. 

so try of propagation fame. The latter effect is employed as the principle of operation of the ring gyroscope. 

The measured or detected output of a gyroscope is a "combined" beam (i.e.' a composite beam formed of the two 
counterpropagating beams) after one complete ttavers'e of the gyroscope loop. The rotation rate about the sensitive 
axis is proportional to the phase shift that occurs between the counterpropagating beams. Accordingly, accurate phase . 
shift measurement is essential. 

25 Figure 1 is a graph of the well known relationship between the intensity (or power, a function of the square of the 
electric field) of the detected beam output from the coil of optical ffoer and the phase difference that exists between the 
two counterpropagating beams after completion of a loop transit. Tbefigure discloses an intensity thatis proportional 
to the cosine of the phase difference, A+. between the beams. Such "phase difference provides a measure of the non- 
retiprocaJ perturbation due, for example, to rotation. A DC level is indicated on Figure 1. Such DC level corresponds to 

30 the half (average) intensity level. 

It-is a well known consequence of the shape of the fringe pattern that when a small phase difference, or a small 
phase different. fjom ±rat where n is an integer, is detected (corresponding to a relatively low rotation rate), the inters 
s'rty of the output beam will be relatively insensitive to phase deviation or error as the measured phase difference will be 
located in the region of a maximum or minimum of the output fringe pattern. This phenomenon is illustrated at 10, 1 2. 

35 12", 1 4 and 14' of the fringe pattern which correspond to phase shifts in the regions of I = 0, +«, +2* and -2it radians 
respectively. Further, mere intensity does not provide an indication of the sense or direction of the rotation rate. 

For the foregoing reasons, a deliberately generated phase bias is commonly superimposed upon each of ..the coun- 
terpropagating beams, periodically retarding one and advancing the other in phase: as the pair propagates through the 
sensor coil. The biasing of the phase shift also known as "nonreciprocal null-shift", enhances the sensitivity of the 

io intensity measurement to Dhase drffererH^ by shifting rne opera 

to a phase deviation t indicative of the presence of rotation. In this way. the variation in light intensity observed at the 
photodetector, Al (or power AP), is enhanced for a given nonrecfprocal phase perturbation e. 

By enhancing the intensity effect due to the presence of a given pr«se perturbation c, corresponding increases in 
photodetector output sensitivity to phase perturbations are obtained. These, in turhi may be translated into a simpfifica- 

45 tion of the output electronics and improved accuracy. Such output electronics commonly includes a differencing circuit 
for comparing the intensity values of the operating points between which the electro-optic modulator (often a multifunc- 
tion integrated optical chip or "MIOC") is cycled during a loop transit time t. Presently; fiber optic gyroscopes are com- 
monly biased by a periodic modulation waveform, such as a square wave cycled between ±n/2 with a period of 2t where 
t is the transit time of light through the fiber coil. 

so Referring back to Figure 1, the conventional square' Wave rik)dulationccn;esponds to cycling of the output intensity 
curve between the operating points 1 6 and 1 6'. Each of the points 16 and 1 6' (± ft/2 square wave modulation) lies at an 
inflection of the intensity fringe pattern where a small rHjnreqprocal perturbation e of the phase difference A$ results in 
a maximum, and essentially linear, detectable change, Al (AP), in the optical intensity (power) output. Also, by alternat- 
ing the bias imposed between two different operating points, the system can determine the sign of e and. thus, the direc- 

55 tion of rotation. (Alternately, the same result may be obtained by ±3n/2 modulation. This is indicated at the points 18 
and 18' of the curve in Figure 1 .) 

In addition to phase modulation, "phase-nulling" is commonly applied to the interferometer output This introduces 
an additional phase shift through a negative feedback mechanism to compensate for that due to the nonreciprocal 
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(Sagnac) effect A phase ramp (either analog or digital) with slope proportional to the measured phase difference, is 
commonly generated for this purpose. Commonly, a ramp, spanning, a range of .0 tQ 2ji radians, provides the nulling 
phase, shift since the required shift cannot be increased indef initely due to voltage constraints. A "resetting" of 2w is 
transparent to the gyro interferometer which operates on a modulo 2it basis as a result of the cosine function discussed 
5' previously. ' • ■ .■ ■■ . ■ , x ■Vv.^-.-v- - 

Orte of the primary uses of inertial systems is ; tp determine vehicle heading- Such a determination depends upon 
the quality of the system sensors, including, the gvros, and is affected by ; the amount and type of noise in the gyro out- 
r^^rjparticular, the abifityjof the gyroscope to, accurately measure inertial angular ; rates iskeyto proper; heading 
determination. 

w <The noise properties of Jhe outputs of advanced technology gyros (e,g. those of. the lasers and fjber optic type), 
include, a statistical "angle random walk" characterista Angle random wa)k is caused by angular rate white noiseii.e* 
noise-.whpse power spertraldensrty (PSD) is "flair, that is, independent of frequency). Each observation of a variable 
(such as the angular rate, output of a fiber optic gyro) contaminated by white noise is statistically independent from all 
others. The average of many such samples gradually converges to the true value, the uncertainty in the average, meas- 

is urement is inversely proportionai to the square root of the averaging time. Thus, the uncertainty in an angular rate, 
measurement is given by: ,- u 



so 



Where: 



a o is the standard deviation of the angular rate measurement; .... . 

25 RW is the random walk coefficient; and , 
T is the averaging time. 

Typically, the initial heading accuracy of an inertia! system depends on the accuracy to which the rotation rate pf, the 
Earth can be measured. Heading uncertainty is proportional to the angular rate measurement uncertainty given above. 
30 Since averaging tim« a/e topically short (usually 4 minutes), it is critical that the random wakco^Werrt be, |^ small. 
Furthermore, once heading has been acquired, drift in the integrated attitude angles degrades inertial system perform- ! 
ance. An angle random walk : process such as that discussed above leads to an angle error which grows statistieafly as 
the square root of time. Thus: 1 

35 a e = RVVVT i'-^ : -:^ '^X.:v'-: 

Where:' .................... . ■ ■ ■ •■ -.; ■■■■ 

^e te the standard duratirjp,qf the attitodeerror;. . . '>.,-.•■';'.:,.■ ■. 

40 .p. sR,i&tne random walk <»^"icient; and "." _." . , '. . .', v-- '.. ..<..,! 

v J Jsjrje pperating-tima JT. ..' ' v '.l !'".".''.' J 

Qnce^again, a low random walk coefficient is essential. 

Figure 2 is a graph (not to scale) that illustrates the relationship that exists between random walk (curve 20) and 
45 light source peak power in a fiber optic gyroscope. White noise in the output of a fiber optic gyro can have a number of 
sources. Electronics noise (both dark current and Johnson or thermal noise), shot noise, and beat, or synonymously 
relative intensity noise, may all contribute. The contribution of electronic noise to gyro random walk is inversely propor- 
tional to peak power. The contribution of shot noise to gyro random walk is inversely proportional to the square root of 
peak power. As may also be seen in that figure, the contribution of beat noise (curye : 22) is independent of peak power 
50 and thereby limits the extent to which gyro random walk can be reduced through an increase. In contrast, within a pre- 
dtf erjTjjned range, increases^ peak power will reduce the corrtrftxitions of electronics noise (curve 24) and shot noise 
(curve 26). Beyond such range, increased power win not lead to better random walk performance. 

The relative importance of beat noise increases with the power of the light source. Superiurninescent diodes pro- 
vide about 0.5 milliwatts of peak power whereas rare earth doped sources are commonly rated in the vicinity of 10 mi- 
ss liwatts. Referring to Figure 2, the contjixition of beat noise to random walk is a fraction of that of shot noise which, in 
turn, is a fraction of that of electronics noise when, a low power source, such as a superturrihescent diode, is employed. 
As the power of the light source is increased, the contr button of beat noise eventually dominates the noise performance 
of the gyroscope/ 
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Pending United Stales paterTapplicatiOri Serial No. 08/283,063 of Seorge AV Pavfath entitled "Method Fofr RetJiic- 
ing Random Walk in Fber Optic Gyroscopes" addresses the foredoing problem. Such application, property of the 
Assignee herein, discloses a method that relies upon artificial overmbdulation biasing of the bearns'that counterp^ppai 
gate within the gyro sensor coil, ft is taught, for example, that by biasing the gyro output curve of Figure 1 between the 
points 28 and 28' rather than between the conventional ±ji/2 operating points 16 and 16', or, alternatively, between the 
±3n/2 operating points 18 and 18"), the contribution of beat noise (or synonymously relative ilrrtertsit^ hbis^tb ranckim 
walk will be reduced with increasing light source power. By overcoming ihetor^^ 
upon ranctom walk reductieri, the tise^^ :; : -:.:«.,.-v 

single axis and multiple axis gyroscope configurations are subject to bias errors arising from system croSstiUlt 
For example, parasitic signals from the Output digital-to-analbg converter and from the driver amplifier of the gyro con- 
trol loop can couple into the synchronous demodulator input In addition, in a In^Ddatarrangemeht such cros&c6uplir£* 
can take place between thedigrtat-to-analog 'corwertereariddrrver amjjiif iersVbhe ■ 
synchronous demodulators of the gyros for measuring the other axes: Furtherihore. in the event that a trlaxial arrahge- 
ment Is simplified to operate with a single detector, the composite output may be subject to crosstalk between ttie out- 
puts of the other axes. ' - ' 

Crosstalk represents a particular problem in the presence of stepped modulation of either the c^rWerifiohaJ !'(maxP' 
mum sensitivity} or overmodulation type: When one employs a stepped modulation waveform such as a square wave, 
the resultant demodulation function is a copy of the modulation function. This subjects the gyro output to a net bias 
value when electrical leakage or cross-coupling takes place between the signal for driving the phase modulator arid the 
input to the demodulator. 

Spahlinger has proposed a solution to the crosstalk problem in United States patent 5.123.741 covering "Fiber 
Optic Sagnac Interferometer With Digital Phase Ramp Resetting via Correction-Free Demodulator Control" that relies 
upon the design of waveforms for driving the gyro phase modulator that incorporate random or correction-free compo-; 
nent sequences. While addressing the issue of crosstalk, the method of that patent relies upon conventional, maximum, 
sensitivity (i.e. ± tc/2, ±3i/2) modulation and is therefore incapable of attaining the advantages offered by'cvermodula- 
tion techniques. "■ 

Another patent of the Assignee herein. United States Serial No. 5. 18f .488 of Mark et al. entitled "Fiber Optic Gyro- 
scope Lltilizing Orthogonal Sequences" teaches the selection of deterministic modulation seauences with regard to the 
character of related primary and secondary demodulation sequences to overcome &ectrorite cross-talk in a fiber optic 
gyroscope. The technique taught therein is again limited to conventional modulation schemes. Each of the abcVe tech- 
niques is premised upon and assumes the^use of conventional rr^ulation waveforms (he. Imrtited to ikk, ±3ji# mod- 
ulation). Neither addresses the problem of cross-talk in the context of overrnodulatioa As such, these techniques 
pertain to systems of inherently-limited random walk reduction capabilities. 

According to a first aspect of the invention, there is provided a method for measuring rotation rate with a Sagnac 
interferometer of the type that includes a light source, a coupler for generating a pair of light beams from the output from 
said source, directing said beams into opposite ends of a sensor coil to counterpropagate therein and recombining said 
beams after transit through said coil to provide an output signal; a modulator is provided for imposing a series of artificial 
optical phase shifts upon the counterpropagating beams and a demodulator is proved for extracting rotation rate infor- 
mation from the output signal ;this method involves driving the modulator to ihtoose a sequeitoe'M artl^al phase shifts 
upon the counterpropagating tight beams. The duration of each phase shift is equal %M-sin^-i^fTtn^%r^?%e''' 
sequence of artificial phase shifts is selected from among phase shift values of ±a*/2b and ±(4rS4)i«/2b wher6 > a Is' 
an odd integer and b Is an integer greater than 1. 

In a second aspect, the invention provides a method for generating a wa^eforih fbyderivihgth^ ^ 
a Sagnac interferometer. Such method includes the step 'of deriving a mcxiub 2* mapping of valued by (i) aWirig the 
modulo 2n mapping Wo S segments, S being a whole number in accordance with: 

Sx8=2nN 

where 0 is |a>t/2b| and N is an integer; and (ii) assigning a value for driving the modulator to' each of said segments so 
that each transition between adjacent rhappihg segments in a frst angular direction cbiresponds to ax/2b or 
-(4b-a)ic/2b andeach lransHk^between adjacent ^^m 
-an/2b or (4b-a))t/2b. ' '*'"' ' 

The mapping is then traversed acoorcSrig to a predetermined sequence through al of the segments in afirstdirec* 
tion and through all of the segments in the opposite direction to generate a stepped waveform. 

Thereafter, pnrhary and secondary demodulation sequences are generated that correspond to the stepped wave- 
form. The primary and secondary demodulation sequences are compared in accordance with a predetermined criterion 
until demodulation sequences are generated such that the criterion is satisfied. Finally, the stefx^ waveform thatch 
responds to the demodulation sequence that satisfy the criterion is selected. 
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In a third .aspect, the invention prowdei^an.unprcyeinert in a rnethpd.for measuring rotation rate of the type in which 
a pair of light beams counterpropagates withip.a coi of optical fber and are modulated by means of a series of artificial : 
phase shifte irqr^ed.,trierebetw the improvement provided by the invention com- 

prises selecting the phase shifts from among value&of ±an/2b and ±(4b-a}x/2t} where a is. an odd integer and b is arv. 

5 integer greater than 1., ' , . \~ . , r . , 

A fourth aspect of the invention provides an improvement tn.a Sagnac interferometer,fpr measuring rotation rate-* 
about aileast one axis of the type that includes a phase, modulator. The phase modulator applies a sequence of optical, 
prjase^hlte ^ duration ..(BquaJ^o the senscr coil transit time to a pah - of Jight bearns cxxjrrterpror^gatirigv^in at least 
one sensor cpiL Means are provided forconbinjng and for demodulating at least one beam pair to cteterrjiine rotatiqn ; 

io rate aboqtat least one axis. An improvement to the Sagnac interferometer of the aforesaid type comprises a generate* : 
foe providing a bit sequence.to the phase modulator for deriving a stepped waveform to impose a sequence of artificial 
phase shifts of ±ajt/2b, and i(4b-a)2b where a is an odd integer and b is greater than 1. 

In a fifth aspect, the invention provides a modulo 2ji mapping for generating a stepped waveform to drive the phase 
modulator of a fber optic gyroscope whereby phase shifts of ±as/2b and ±(4b-a)/2b v where a is an odd integer greater 

is than 1. are imposed upon beams cevnterpropagatihg within the gyro sensor coil Trie mapping cor^ises a closed..cir- . 
de^dhfide^ into S segmerits^each of which is associated with a value ,of the stepped w^efprm. S is a .wj^e. nurrber 
such tjiaVS x e =2^N . where 6 is \em/2b\ and N is an integer. Vajue^ arei assigned to the segments of the mapping so s 
that each transition between^^ a f irst angular Erection is^ual to a step of aW2b c^.;-{4b>-aj«/2b^: 

and eactftransrtton between, adjacent segments in the opposite ahgular direction is equal to a step of ajdpb: or 

so (4b-a)it/2b. . ■ - , ^ • 

For a better understanding of the inveritibn, and to show! how the same may be carried into effect, reference wfj 
now be made, by way of example, to the accornpanying drawings, in which:- 

Figure 1 is a graph of the intensity (or power) as a function of phase shift of the output of a fiber optic gyroscope for 
25. illustrating and contrasting conventional square wave rrKX±jia^n with regions of pvern^ . '.' t -. n . „■ 

Figure 2 is a graph of the relationship between the random noise components of the putput of a fiber optic gyro and 
light source peak power; 3 \ 

30 Figure 3 is a mapping for generating waveforms for driving the phase modulator of a Sagnac interferometer in . 
accordance with the invention; 

Figures 4(a) and 4(b) are waveforms that illustrate a signal for driving the phase modulator of an irterferbmeter and 
the resultant sequence of artificial optical phase shifts thereby imposed upon light beams courterpropagating. 
35 within a gyro sensor coil respectively; ' 

Figure 5 is a graph of the intensity or power of the output of a fiber optic gyroscope as 'a function of phase shift for. 
demooslrallnfl the correction of scale factor error implicit in sequences of artificial phase shifts; I' , .. . , 

40 . , A> Figure 6 is a bioek diagram of a tnaxial fber optic Sagnac irtenVoit^er configured to utilize mbpVta^n. based. 
i upon orthogonal demodulation sequences; ' - ^ . «v 

.. Figure 7 is a functional JWock diagram for illustrating the implementation of the modulation processes of embodi- 
ments of the invention;,and 

45 ' . V. i. 

Figure 8 is a simplified schematic diagram of a single axis fber optic signal interferometer in for minimum randum 
walk reference. . . " V 

The preferred embodiment is directed to the problem of cross-talk in fber optic gyros that employ modulation 
so sequences of the stepped type. Such sequences are beneficial insofar as they result in reduction of the random walK* 
contept of the gyro output beyond the floor" that is observed when modulation waveforms for maximum detection sen- 
sitivity (J3t/2, ±3it/2) are employed. In the invention, overmodulation waveforms of the stepped type, both random and 
deterministic, are chosen for application to the opto-electronic phase modulator of the gyro that offer the advantage, in 
gyro outputs, of overmodulation with elimination or substantial reduction of crosstalk. Overmodulation waveforms in 
55 accordance with the invention are substantially decorrelated from the resultant demodulation sequences. This effec- 
tively makes the gyro immune from bias due to modulation signal leakage. 

The present embodiment provides a method for generating mappings that may be traversed according to predeter- 
mined or random patterns to generate candidate overmodulation waveforms of the stepped type. The patterns of traver- 
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sal are then checked to assure that necessary conditions fordecorrelatton, discussed below, are satisfied Thereafter, 
dependent upon the nature (i e- deterministic or random) of the modulation waveform, sufficiency conditions are exam- 
ined. The diagrarh may be traversed in either a random, pseudo-raridom or deterministic manner. In the event thai the 
modulation sequence is random or pseudo-random, output error canceltatldh occurs over time as taught by United 
States patent 5,123,741. On the other hand, only those deterministic overmodulation sequences that obtain output, 
error cancellation within a reasonable time frame are employed: "Candidate" deterministic cvermodulation sequences 
are "screened* tor orthogonality properties as taught by United States patent 5,189,488: Thus, the invention teaches 1 
modulation sequences for artif icially biasing the phase difference: between Tight beajTis ccnihterpropagating within a 
gyro sensor coil that produce a gyro output characterized by (1) reduced random walk and (2) lessened sensitivity to 
the effects of unavoidable system crosstalk. 

I. Overmodulation Sequence Generation 

Figure 3 is a modulo 2k mapping for generating waveforms to drive the phase modulator of a Sagnac interferometer 
in accordance with me invention. By employing a mapping in accordance with Figure 3 a^ satisfying necessary con- 
ditions discussed below, one can readily derive waveforms of both random and deterministi^c^ imposing artirV 
cial phase shifts in regions of overmodulatton. Such modulation is known to provide an irrterferometer output signal of '. 
improved random walk character. Further, by empl^^ 

conditions, one may sihxittaneousty address the significant issue of parasttic absstalk in a gyro system! 

Referring to Figure 3, the mapping is arranged to introduce a sequence of artificial phase shifts of ±3n/4 and ±Sn/4: 
Each discrete phase shift is equal in duration to a single loop transit time t. Cross-referencing the diagram of Figure 3"" 
to the gyro output diagram of Figure 1 , the overmodulation sequences to be generated involve "switching" between the 
points indicated at 30, 30' and 32, 32' of the gyro output curve. 

The mapping of Figure 3 comprises a closed circle that is divided into eight (8) segments. The mapping of Figure 
3 is arranged to generate stepped waveforms for driving a phase modulator to impose optical phase shifts of ±3W4 and 
±5it/4 between light beams counterpropagating within the sensor coil. Discrete values for generating overmodulation 
waveforms of the stepped type are marked within each of the segments. The mapping of Figure' 3 is ar/anged thusly: 
each counterclockwise (direction "A") transition about the mapping from one segment to the actjacem segment affects 
a numerical dHference of +3w/4 or -5n/4 while each such clockwise transition (direction "ET) affects a numerical differ- 
ence of either -3n/4 or +5it/4. Physically, the differences, or steps, between adjacent segments correspond to phase 
shifts imposed by changes in the values of the stepped overmodulation waveform. Each transition occurs after a com- 
plete loop transit time x. 

Traversing the segments of the mapping counterclockwise (i.e. direction A), overmodulation waveform values of &, 
3n/4, 3n/2, >c/4, k. in/4, n/2, and "5n/4 are sequentially generated with the final state first wrapping around oVunb'ergding 
a transition to the first. Bold lines marked "R" radiate from the center of the mapping at transitions of ±5ii/4 and corre- 
spond to modulo 2* rollovers of the modulation waveform. 

Prior to employing the representative mapping of Figure 3 to generate a stepped waveform for generating optical 
phase shifts, it should be noted that the mapping of Figure 3 may be generalized to include drive waveforms that are 
not limited to the voltage steps of ±3*/4 and±5n/4. The generation of stepped overmodulation waveforms by means, of 
-like mappingsldlows from the following relation©: ' * v '-v.'"*'* 

Sxe =2nN (1) 

In the preceding equation, 6 represents the size of a phase shift in the region of overmoduratibh m radians, Nisan 
integer and S represents the smallest number of segments of a mapping required to generate an overmodulation wave- 
form. Only those phase shifts that yield a solution to equation 1 are appropriate for generation of a mapping and, hence; 
for derivation of an appropriate overmodulation waveform. When a candidate phase shift ±ait/2b is examined and 
found to yield a solution to the above equation;' the resultar f modulation waveform will corrpree phase shift'steps of 
±a*/2b and phase shift rolover values of ±(4b-a)n/2b. the sum of the absolute values of the phase shift and roJover 
for any given solution to equation 1 is2n. fable I which follows summarizes the designs of mappings tor different phase 
shift values based upon equation 1 above. .■<-.. ■„.;, ^ , 
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• : ■■■ : ' TABLE I ; '\ ' / ' ^.^C', ' 

Phase Shift. Rollover ." 'Number of; SecrtnerfrtS ' 

*^v^.^ : --,. +3sf/4 r '±5*-/4-'"-- • ■ r^-- v ■ -y- a : -y'-, -v; , ; .,>.;'•■; 

: ' i5jr/a; ±11^8 — •■ >\-:^?*6- ^ '^V;.s - : ; ;■ ■> 

\<- : ±iit/Q • ±9jr/b" ■ - - ri '•'""•-.■>' i - 1 - - 16 •;' 

- • • +9#/16, ; ±23jf/16 - : * - ;V?: ' ;i ; : ---;32* :i ' 

-^•-^ ' flljr/16, ±2 Iff/ 16 .^•,:>v:.,,,v.v^,3. 2vv ,., n .,-,....,. ;; 

v - +13^/16, ±19jt/16 32 
" ^ . ±157T/16, ±17jr/16 32 

' ; ±i77r/32 , ±47ir/"32 ^7777 7 . ^ 4 '"'".7:7 7"^ 
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II. Signal De-correlation: Necessary Conditions ."'.''!" 
Candidate stepped overrnodulation waveforms are derived from the mapping of Figure 3 (or a Oke.mappinqdenved 



in acooraanca with equation l).by traversing it m a ^luiKuiuihiii mumu»»« \yn «vmv« ■ pj <« iy; w^nwuq^wisBiy^, 
tion A) riii^f prj£ to an adjacent segment ^ p^eyjcusV^ 

noted.^c* toansrtiqn frorp segmentlp s^jmer^ ^ value to adjacent voltage value) represents au 

<o_ "crial^ifryafue^^ 



coumerclcckwise rcrtattons are mixed with clockwise rotations. For example, one, -might employ a random number gen- 
eratwand utilize a decision rule thatassociates a clockwise rotation with each even number generated and a counter- 
clockwise, rotation' with each odd number generated. In contrast, deterministic sequences of clockwise, and 
45 counterclockwise rotations about the relevant napping are predetermined. 

Sequences defining overmcduiation waveforms generated as above must satisfy two conditions to qualify as can- 
dkJates.capable of achieving decorrelation from the gyro demodulator, and thus clear of cross-talk. As a first necessary 
corjtf|pn, the number of clockwise transitions rmist equal the number of counterclockwise transitions over a sufficiently 
topg period of time 0.e., on the order of 1 second); As a second necessary condition, every sector of the diagram in Fig- 
so 3jre;3 ijmjstbe transversed at least once in both clockwise and countefclodcwise directions. As a further desirable con- 
dition, each sector should be transversed an equal number of times in each direction over a reasonable time interval 
(i.a. on the order of 1 second). 

Figures 4(a) and 4(b) IDustrate a waveform derived in accordance with the mapping of Figure 3 for driving the phase 
modulator of a Sagnac interferometer and the resultant sequence of artificial optical phase shifts imposed respectively. ., 
55 The waveform of Figure 4(a) comprises a stepped waveform for driving a phase modulator within the region of over- 
modulation. H comprises a series of ±3n/4. ±5ii/4 voltage steps satisfying the two necessary conditions for decorrelation , 
of modulation (and rate of change of modulation) from demodulation In a ftoer optic gyro, the waveform is deterministic 
in nature, formed by first sweeping the mapping of Figure 3 through a full rotation counterclockwise (direction A) and 
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then clockwise (direction B). Figure 4(b) is a diagram of the resultant artificial optical phase shifts imposed upon ftie light 
beams counterpropagating within the gyro sensor coil. While the deterministic scheme employed is quite simple, the 
example of Figures 4(a) and 4(b) is applicable to any other scheme of rotations about a mapping in accordance with 
Figure 3 or an equivalent mappirig based up<m ciptical phase shifts of a different size. , 

As can be seen, the series of artificial phase shifts imposed (Figure 4(b)) consists of five (5) phase shifts of 3nJ4 
and of -3ji/4 and three (3) phase shifts of &t/4 and of -5ji/4. "The method of the invention for generating stepped wave- 
forms also provides automatic observation of phase modulation scale factor error. This process or result can be 
observed in Figure 5, a diagram of gyro- output with the ±3ji/4 and ±5»t/4 operating points shifted from 34j;34V 36 .- 36" 
to 34". 34". 36" and 36'" respectively due to the presence of scale factor error (i.e., too much phase shift applied). As 
illustrated in Figure 5. a split 38 between- the ± 3n/4 and ± 5n/4 points is caused by scale factor error. This figure shows 
the results for the case where too much phase shift is applied. The shift reverses direction if too Frttle phase shift is used 
(scale factor too low). By observing the shift 38. a control algorithm may be used to adjust the scale factor to the appro- 
priate value (i.e.. zero split). Furthermore, in the event of a scale factor error, it is noted that in the case where there are 
five 3k/4 transitions for every three 5it/4 transitions as shown in Figure 46, the net error observed in the gyro output is 
zero. i.e.. - 5x(3ii/4) + 3x(5w/4) - 3x(5it/4) + 5x(3n/4) = 0 . The proper weighting of the 3n/4 and 5»t/4 transitions in a 
53 ratio is therefore an essential condition: More generally, the ±ait/2b and ±(4^a)ic/2b transitions must be weighted 
in the ratio of (4b-a):a. 

HI. Demodulation: Random fPseudc-raridoiTn Sequences 

Once the two necessary conditions have been satisfied for a random or a pseudo-random sequence generated in 
accordance with the invention, de-correlation of the modulation signal and of the rate of change of the modulation signal 
with time (equal to the induced optical phase shift) with respect to the demodulation sequence follows. Thus; in addition 
to the self -correction Of scale factor error, randomly and pseudo-randomly generated signals of stepped pvermodulation 
composition wDI produce gyro output signals substantially unaffected by the presence of crosstalk. 

United States patent 5,123.741 teaches the use of a signal derived from a randomly-generated modulation signal 
as a demodulation signal that is statistically independent of parasitic signals. As in that invention, the generation of a ' 
random or pseudo-random stepped over modulation waveform will substantially eliminate the rectification of crosstalk 
from the gyro output signal. While random sequences result in the elimination of crosstalk effects from the gyro output 
signal, pseudo-random waveforms, comprising repeating randomly-generated sequences of predetermined length, 
substantially reduce but, in theory, do not totally eliminate crosstalk effects from gyro output 

IV. Demodulation: Orthogonal Sequences 

In the present invention, the modulation waveform and the rate of change of the modulation waveform are de-cor-. 
related from demodulation sequences through the use of orthogonal ity. Two sequences A, Bj are said to be orthogonal 
over "n" time periods if the sum of Aft over the n time intervals is identically zero. Such sequences are deterministic: 
Unfite random of psetitfo-raixipm sequences, pairs c^'sequfe^ desiart^ to be orthogonal will reliably have a rnean 
zero value within a predictablenun*erof ttme intervals. In contrast sequences pV^s^ng a raidom cha^er^ • 
incfude correlated sub-sequences of unpredictable lengths. This feature of ctthcgortd sequences permits'the user to 
analyze data representative of a tlrUte timber of modulated transits or an optical coil • '"'" 5 : " ■" • 

Not aB waveforms are useful tor application to the phase modulation-problem and the; irrvehtora have derived a 
series of seleclion' rites based; ih part, upon orthogonal demodulatibn'sequences, for choosing appropriate wavjetorihs 
that impose artificial phase differences upon the counterprcpaoating beams. ' 

In the invention, an orthogonality criterion is employed as the sufficiency condition for selection of deterministic 
overmodulation sequences. Relating such criterion to the representative stepped waveform of Figure 4(a), discussed 
above, and referring to the mapping of Figure 3 from which it was derived, the evaluation of a deterministic overmodu- 
lation voltage waveform for c*tiwgoria% tea^ 6tiSiii&n»^i4^ii6^V;^p^i- 
waveform of the type shown in Figure 4(a) by assigning values of +1 or '-1 in accordance with the direction of segment- 
to-segment transition about the mapping of Figure 3 (direction A being courterdockwisd arid direction B being clock- 
wise) taken during waveform generation. Artirtrariiyrlhe i convention employed assigns +1to each coUrrterclockwise seg- 
ment-to-acfjacerrt segment transition and -1 to each clockwise transition. 

As mentioned earlier, the waveform of Figure 4(a) is generated from the mapping of Figure 3 by first taking eight 
(8) counterclockwise steps from the "0" voltage segment followed by another eight (8) consecutive ctodwise transi- 
tions. As discussed earlier, this deterministic scheme satisfies the two necessary contftjons for generating a driving 
waveform in accordance with the invention, the primary demodulation sequence that follows from the foregoing is [+1 . 
+1. +1. +1, +1, +1, +1, +1. -1, -1. -1, -1, -1, -1, -1. -if. A secondary demodulation sequence also follows from the 
stepped voltage waveform 6f Figure 4(a) that can also be derived from the mapping of Figure 3. Such secondary 
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demodulation sequence also comprises a series of +1 and -1 values derived from the mapping of Figure 3.. 

A secondary or scale factor demodulation sequence is determined by assigning the value +1 to each instance in 
which a bold rollover axis of the mapping, marked R, is crossed during generation of a stepped waveform and -1 to all 
other rotational transitions. Referring againto the representative deterministic waveform of Figure 4(a), the associated, j 

s secondary demodulation sequence is [-1. -1. +1. -1.-1. +1> -1, +1, +1, -1.+1, -1. -1, +1. -1. ,-JJ, Evaluating the decision > 
rule fOTrSeJecting a modulation sequence for a Sagnac interferometer, that specifies that associated rximary and sec- v 
ondary demodulation sequences must be orthogonal, one must multiply the preceding demod^ation sequences on ah 
elemejtoy-element basis and then take the resultant sum Multiplying yields -1, -1, +1, -1, -1, +1, -1, +1, -1, +1, -1, +1, 
+1 . -t. +1 , +1 , the sum of which is 0. Thus, the stepped voltage waveform of Figure 4(a) satisfies not only the necessary . .•• 

10 conditions for a deterministic overmodulation waveform in accordance with trie invention but also satisfies the sufficient 
conditipri of its ortJ^xjonality.ciits associated primary and secondary demodulation sequences. s , , 

"Candidate" stepped waveforms derived above are exarrined with reject to a number c^ crneriarelatiqg tQ out- r . 
put gyro output quality , In practice, the numerous candidate sequences of phase shrfts.may be input to a corrputer.; As . 
mentioned earlier, some selection rules (i.e., sufficient axxditions) are unrelated, to the resulting digital demodulation - 

is sequences while others look only to subsequences. The. exairinatipn of modulation sequences in accordance with 
the invention can occur with respect to both types of criteria and in any order. . ...... . . ... 

Referring first to demodulation, each stepped waveform is translated irrtp.pr/imary and seaandary dernpd idation. ; •< 
sequences as discussed above. The primary a^ secondary cierriodulation sequent 

elemerrt-by-element basis to determine orthogonality. The waveforms that do rioj yield orthogonal primary and second? ,, , 
so ary demodulation pairs are then di^egaided.,Ttie surviving waveforms are then further analyzed as, cfiscussed. below. ; 

to elirninate, unsuitable candidates. , . , , , .„,... - ■< .'-■■<. --«t 

As a second rule of selection, the total rwrnber. of +any2b (b*1) and -(4b-a)*/2b values of the stepped waveform » 

must equal the total number of ^ajt/2b arid +(4b-a)ti/2b values, This is so because the slope of ; tbe tangent to the gyro 

output fringe pattern at +a«/2b is the. same. as that at -(4b-a)n/2b while the slopes of the tangents at ,-a?t/2b and. '. 
25 +(4b-a)n/2b are also equal. Since the derivative or slope of the fringe pattern of a gyro indicates rate error, the primary. 

or rate derrodulation exaniinesi the ^ tangent or slope of the curve. Inequality between the number of points at a posffiye; ... 

(or negative) and negative (or positive) slope demodulated will introduqe a ser^itivity to offsets in the JntensHy sfenal-> 

and could cause a-fajse rate indication. •. . . u .. - ,/ t 

A filial qualitative selection rule is that the ratio of the number of ±an/2b voltage values to l(4b-a)ir/2b. voltage - 
so values should be (4b-a)/a . In the event that the condition or rule were not satisfied, an apparent average intensity level 

shift wqujd occur aj a function of scale factor error. Furthermore, the presenceof an offset in tWdet^w.qr.prearrpli- 

fier would perturb the measurement of scale factor error. / > 

As rnentiohed, in addition to the above-referenced crtteria for, examination of candidate stepp^ waveforms, a : , v 

number of rules relate to the implicit demodulation sequences. Such rules, applying to both single, axis ^ rrwrtirMe gyrq v 
35 systems are set forth below: V- .. L 

1. The primary dempdulatipn . rhust^ 

mentioned, is required to assure that the rate error arid scale factor error values will not corrupt each other. That te. . 
. the presence of scale %ctpr error should not irxticate rate and vice versa. . . . . . . 

2/»The digital representation of the stepped waveform and individual bits, their integrals and differentials, should be* 
: - orthogonal to both the primary and secciiclary dempdulaticii ser^eraes. . , . . 

3. .TJte digita| representation of waveform voltage changes and individual bit changes, their integrals and differen- 
45 tials, should be orthogonal to both the primary and secondary demodulation sequences, 

4. For a single detector conf iguration, the primary demodulation of any gyro must be orthogonal to both the primary 
_ . demodulation of any other gyro and to the .secondary demodulation of any other, gyro. Likewise, the secondary 

demodulation of any gyro must be orthogonal to the primary demodulation and the secondary demodulation of any 
so ? other gyro. This represents an extension of the procedure discussed with reference to flip selection of modulation 
tr sequences based upon tbe.numerous requirements already discussed with reference to a single gyro system. . 

5. For a single detector configuration, the digital represerrtation of voltage waveforms and individual bits of any gyro.. 
and their integrals and differentials should be orthogonal to the primary and secondary demodulation of any other 

55 gyro and the digital representation of waveform changes and individual bit changes of any gyro should be orthog- 
onal to the primary demodulation and the secondary demodulation of any other gyro 

6. It is desirable that the sequence length should be of minimum length (preferably on the order of thirty-two gyro 
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transit cycles or less) to insure sufficient loop controller bandwidth as such bandwidth is inversely 1 proportional to 
sequence length: , 

Of the above-referenced rules, number 1 is absolutely required for a single axis system vvhile number 4 is abso- 
lutely required for a multi-axis system using a single detector. Furthermore, rule number t must be satisfied for multiple 
axis systems employing multiple detectors. The other rules, while setting forth desirable concfitjdhs (such as eliminating 
bias due to crosstalk), are not absolutely required. :> 

V. Gvro Configuration [ For Processihd Overmodulation ' ' ' - " ■■ ,; "'- 

Rgure 6 is a block diagram of a triaxial fiber opWSagna'c frr^ wave- 
forms for driving the gyro phase modulator TtW arrangement of Figufe' B issurtable for processing the outputs of optical 
coils 40,42 arid 44 in a system that utilizes a single source 46 and a single detector 48. It will be readily appreciated by 
those skflled in the aft that the circuitry of Figure 6;arid the associated steppe&overrhodtifation wavefcnfhs may be read'' 
ily modified in accordance with trie invention to provide' cbrresporxfing achrahtages in other rrturfiple gyro systems (ag. 
two or four axes.) " : ;'' • ■ "■ -v:-.: ..-r 

Turning toSgure 6, the laser diode source 46 provicies energy via the wavelength division mult^exingf bercbupler 
50 fcr pumplnga rare earth-doped fiber 52 : that is configured to ad as both a source and an optica preamplifier. 

The fight emitted by the broadband fiber source' 52 is appfiedto a splrttet^combiner network 54 comprising a pri- 
mary (50/50) coupler 56 and a paif of secondary (50/50) couplets 58 and 60 arranged as shown. The splitter-combiner 
network 54 acts to divide the incident light equally into four waves. Three of those four waves are delivered to the three 
optical coils 40,- 42 and 44 for measuring rotation rates about three orthogonal axes. The fourth portion of the light 
energy is delivered to a monitor detector 62 that forms a portion of a circuit for stabilizing the output of the broadband 
fiber source preamplifier 52i Such a circuit is considered neither novel hor an essentiaTfeature of the present invention 
and thus is not illustrated in detail in Rgure 6. : r - v > • ^ , v 

Multifunction integrated optical chips 64.66 and 68 are associated with the optical coils 40, 42 and ^respectively. 
Each of such chips, comprising a substrate of electro^optically active material such as LiNbC% or LTaO;j, wrtha y-junc- 
tion waveguide deposited or diffused thereon and further Including a polarizer, functions as both an interface between 
the splitter/combiner network 54 and the fiber optic coils 40, 42 and 44 serving to separate (and later combine) the 
incoiring cpticaTeriergy into two beams for cc^eqifcpac^t'r^ within thecoite and a phase modulator, ajpplyihg artifi- 
cial phase differences between the cciumerphbpagating't^ In the tatter regard, it should be understood that? 
each of the chips 64. 66 and 68 incorporates a phase modulation function for affecting the overnibdulatibn'sequence^ 
determined in accordance with the invention. The function' is responsive -to analog waveforms; Such waveforfris are" 1 
received from digitat-tc-analog converters, discussed below; 

Each of the optical coils 40, 42 and 44 is modulated by a separate waveform that is selected, in part in relation to 
(but independent of) the waveforms applied to the other two gyros as discussed above Digital-to-analog converters 70, 
72 and 74 provide analog electrical signals to the chips 64; 66 and 68 respectively for irriudng the desired optica* phase 

Shifts. ' .:-7.^r::-a .^v.V. -..■..^K.-:,.. i jrv»5ft.w^- : ^ -■■ -.-V ; . ^ \ : ,y../^ 

The phas&modulated optical signal outputs of the gyros 46, 42 and 44 return through the' splrher/contiirW network 
54 and are successively combined at the couplers 58 and 56: The combined signal is then transrnrtted through the 
wavelength dlvlsion'multiplexing fber coupler 50 to toi#s6urce 

cat signal as an optical preamplifier. This combined signai is then appffed to thWcommon phctodetectc* 48 wherein If is 
converted to a corresponding electrical current or voltage proportional to the optical intensity. The resulting electrical 
signal is applied to a preamplifier 76 and then applied to an ahalog^^ 

digitized signal which is simultaneously ti«rlMfritle ^ te , three 1, o^i^^ dBric<Mators 80. 82 arid'84. ' 

A digital signal processor 86 communicates with each of the rate demodulators 80, 82 and 84 and provides outputs 
for directing rfigrtai-tc-analog converters 70. 72 arid 74 to rnpose modulating waveforms to the modulators associated 
with the gyro coils'40. 42 and 44 Each of the rate defhddCiiatons 80^82 arid 84; while acceptrtg the ideritical combined 
oulput signal, receives a unique primary of rate demodulation sequence from the Signal processor 86 through the data 
paths 88, 90 arid 92 respectively. In turn, the signal processor 86 receives the demodulated rate for each 6f the axes 
through the buses 94, 96 and 98. The oulput of each rate dentodtf ator Is'theYafe^ifa sigriaJ for one of the orthogonal 
axes The demodulated rate signal is then processed by the signal processor 86 (or by parallel individual signal proc- 
essors) to oene^<a-i«^'fe|dbaek.^gM The ramp signal is added to the mediation sequence tor that particular 
gyro to drive the rate error signal frcm the dfermxfulaior for that g^o to zero. 

The digital signals provided by converter 48 are also provided to secondary demodulators 100, 102 arid 104 asso- 
ciated with measurement of the phase modulator scale factor errors. Each of the demodulators 106, 102 and 104 also 
receives a unique secondary or scale factor demodulation sequence from the signal processor 56 through the data 
paths 106, 108, arid 110 respectively. In turn; the signal processor 56 receives the demodulated scale factor data for 
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each of the a^es through the buses 112,114 and 1.16. The output of each scale factor demodulator, is the scale factor 
error signal for one of the orthogonal axes. The demodulated scale factor, signal is then processed by the.signaJ.propv 
essor 86 (or by parallel individual signal processors) to generate a compensation for any residual scale factor error. 
Such compensation may be accomplished in bne of many different ways. For example), the digital rarnp signals geneK^ . 
ated using the outputs of the rate demodulators 80. 82. and S^as well as the modulation and reset values can be mul- 
tiplied by scale factors which compensate for the phase modulator sensitivity errors or variations. Alternatively, the. 
reference voltages of the p/A converters 70, 72, and 74 can be adjusted so that the digital inputs to p/A converters 70, 
72 and 74 generate aralog yp^ges corhmensurate with the phase modulator sensitivities. While Figure 6 shows rate, 
and scale fartdr derhodulato^ 

processor 86 provided that this device has sufficient throughput, . .' / 

.. Figure 7 is a block diagjanrrepresehtation of the organization of the signal processor 8jB.\The signal processor 86 
provides a unique reference signal to each of the three rate demodulators 80. 82 and 84 and.;in turn.accepts the output 
rate error signals of those demodulators. The rate error signals are then manipulated in accordance.with tha invention:, 
to derive feeotack arid rnodula^ , 

The illustration and description with reference to Figure 7 is somewhat amplif ied feisofar as details of the operation 
of the signal processor are illustrated solely with respect to a single axis. However, from the preceding discussion it will 
be_appreciated that the following discussion is applicable to ttie other axes with like processing involved- The only sub- 
stantive difference betweenjhe processing of signals relating to the three axes derives from distinctions., between the 
modulation (and, hence, demodulation) sequences "assigned* to each axis. As is apparent from the preceding discus? ..; 
sion, the process for selectingtdemodulation sequences based upon a deterministicalty-derived stepped overmodula- 
tion waveform takes all axes into cpra'cteratipn in the case of a multi-axis system in applying the relevant selection rules. 
That is, denxxJufation sequences (and, therefore, the conesponding modulation sequences) are chosen as a group for 
a biaxial system utilizing a single detector 18asslfown in Rgure 6 , [''. ' :.. 

Referring to Figure 7, the various signal processor functions are indicated within the outlined section 86. Focusing 
upon the gyro axis that is modulated by ttje output of the digital-to-analog converter 70, and whqse output is demodur 
lated at the rate demodulator,^, one can observe that the unique primary demodulation sequence for such axis, is 
received from a primary demodulation/modulation generator 118 (one of three generators). Such sequence may be 
deterministic, random or pseudo-random. As mentioned above, the sequence received from the primaiy demodula- 
tion/modulation generator 1 18 is applied to the rate demodulator 84 to extract the rate error signal for theconesponding 
axis from the composite Output signal received at the detector 48. In the event that deterministic overrtKXfulation is 
employed, the generator 118 comprises a register for storing a preprogrammed sequence of +1, and -1 .values.. In th§ 
event that random overmodulation is employed, the generator 1 18 comprises a random number generator that provides 
a random sequence of +1's and -1's. Finally in the event of pseudo-rano^m overmodulation, the generator 118.con)- 
prises a random number generator in combination with a register of predetermined bit length. t ^ ; > 

y The rate error signal is applied to a ramp generator 120, producing a digital sequence that COTe4»rxfe to the 
phase ramp of the gyro. 

A digital Integrator 1 22 first receives the digital primary demodulation sequence from the generator 118. the inte- 
grator. 122 effectively "tracks" transitions dictated by the primary sequence about a mapping as shown in Figure 3. As 
mentioned earlier, the trajisjgQ^ Vep^errted by the /primary demodulation Sequence relate the irriposed^art^^l 
. phase shifts to the digital demodulation sequence. The modulation is added to the digital ramp created by ramp geneVr 
ator> 120 to provide a drivinpi^gnal for the gyro phase modulator. However, in order to accommodate the limited drive 
voltage range available, it is necessary to rollover or reset the signal so that ft covers a range of 2rw. 

.jiA rollover sensor 124 ( ,\|hich can be a digital comparator or which can directly result from proper scaling of the 
binary format digital data, is .u|ed to detect rollover transitions as illustrated in the mapping of Figure 3, vVhen aroBover 
transition is sensed, the secondary demodulation sequence of the axis under investigation is correspondingly saved as 
discussed above to produce the secondary demodulation sequence for that axis. A buffer 126 accepts the secondary 
demodulation sequence. The secondary demodulation is then applied to the secondary dembdulator i 04 which oper- 
ates on the digital representation of the FOG output signal provided by AID converter 78. The secondary dembdulator 
1o£detefmine& the scale facjpr error arid compensates for it by means of the multiplier 128 which scales the digital Out- 
put to the proper value to match the actual phase modulator scale factor (or sensitivity). 

...The output of the rnugpjer 128 comprises a digital representation of the combined modulation and ramp signals 
properly scaled to the gyro phase modulator sensitivity. The output of the multiplier 1 28 is then applied to the digital-to- 
analog converter 70 of the selected axis to drive the electro-optic modulator 64. . 

By employing the selection of stepped waveforms for driving the phase modulator of a liber optic gyroscope, one 
may avail oneself of the advantages, in terms of lower random walk, of overmodulation without substantial bias, the 
effects of such crosstalk are eliminated in the event that either deterministic or random modulation schemes are 
employed in accordance with the invention while they are rendered negTigWe should pseudo-random overrrtbdulatibn 
of a meaningful period be employed. 
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Figure 8 is a simplified schematic diagram of a sfngle axis Sagnac fiber optic interferometer in acoordartce with the 
invention for achieving minimum random walk performance. A fiber coil 1 30 is attached to an integrated optics chip 132 
of the type previously referred to as elements 64. 66. and 68 with Reference to Figure 6. A y-juhctipn 142 is incorporated 
into the integrated optics chip 142, separating incoming Ifcjrtf into, clockwise and counterclockwise directions of propo- 
5 gation. After recombination at the y-junctiori ; 142, the output beariiis directed to a detector 138. (The base of they-junc- H 
tion 142 is attached to a coupler 134, one branch of which is connected to a light source 136 and the other branch of : 
which is connected to the detector 138. Thus, light laum^ed from the source 136, which may be a semiconductor or ' 
fiber source, enters thef iber coil 130 via the coupler 134 ^ 

blned by the y-junctfon 142 and routed throughx»i4}ler134 to the detector 13^.VThe detectcr' 138 convent the optical 
w output to an electrical signal that is then applied, along a conductor 140, to an amplifier arid A/D converter such as 
referred to as elements 76 and 78 of Figure 6- Gyro modulation and control are performed through a single channel of 
an arrangement such as shown in Figure 6 with a gyro drive signal generated by means of a'D/A converter such as that • 
referred to as elemeht 70 of that figure. The drive signal controls the phase modulator of the integrated optics chip 1 32> 
Thus, with the exception that only a single rate 'and secondary demodulator is used per gyro axis, the teachings'^ Fig*- 
is ures 6 and 7 apply to the single axis interferometer of Figure 8. 

While this invention has been described with reference to its presently preferred embodiment, it is not limited 
thereto. ' — iv ' ■ " /■ ' ' ■ : ■ ■ ■ 

Claims r ' ' ■ ■:'r>..^-. ■ •■•v.. ■•' . 

St •■ . , ■ 

1 . A method for measuring rotation rate with a Sagnac interferometer of the type that nictudes a light source; aroupW 
for generating a pair of light beams from the output of said source, directing said beams into opposite Tends of a 
sensor coil to coumeipropagate therein and recombining said beams after transit througfi said coil to provide an' 
output signal, a modulator for imposing a series of artificial optical phase shifts upon said count erpropagating 

25 beams arid a demodulator for extracting rotation rate information from said output signal, said method comprising 
the steps of: 

a) driving said modulator to impose a sequence of artificial phase shifts upon said ccnirterpropagating light ' 
beams, the duration of each of said phase shifts being equal to the sensor coil transit time; and 
a> b) selecting said artificial shifts from values of ±ax/2b and ±(4b-a)k/2b where a is an odd integer and bis an 

integer greater than 1 . ' • '/' 3 

2. A method as defined in Claim 1 wherein the step of selecting a sequence further comprises deriving a modulo 2k 
mapping of said values. 

3. A method as def ined in Claim 2 wherein said step of deriving a modulo 2* mapping further comprises the steps of: <. 

a) dividing said mapping into S segments, each of such segments being associated with a value of a stepped 
waveforrti for diving said phase modulator and S being a wholb number in acxordance with '■ -■■ ' : t - > - 

Sxe=2iiN ~; : "' '/""' " ; "\ /" 

where 0 is |ax/2b| and N is an integer; 

b) assigning said values to said segmerfc so tta^ aftrstangu- 
45 lar direct is equal to a step erf a^ 

the opposite angular direction is equal to a step of -a*/2b or (4b-a)*/2b , and (S) each value is no greater than 

2*; and ' ■/■>•■■..■ 

c) marking each boundary between adjacent segments whose values decrease in 6aid first angular ejection 
by a rollover axe 

so 

4. A method as defined in Claim 3 further Including the step of selecting said values for driving said modulator by: 

a) traversing all segments of said mapping in a frst cprertion: and 

b) traversing all segments of said mapping in the opposite direction. 

55 

5. A method as defined in Claim 4 further including the step of deriving said stepped waveform by traversing said 
1 mapping in accordance with a pseudo-random sequence 
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6. A method as defined in Claim i .4 further indudng^the step of deriving said-stepped waveform by traversing said 
mapping in accordance with a randomly generated sequence. 

7. A method as defined in Claim 4 including the step of deriving said stepped waveform by traversing said mapping in 
accordance with a deterministic sequence. 

8. A method as defined in Claim 3. 4 or 7 further including the steps of: 
"Z a) generating pnrnarpand secorKlarydemodulatjpn f sequel 
i»vr .b) ccmparir^ s^dpnn^ 

v v nbn; then.,.-., ,ry " . ' , ■■ ', -l .' - ; - 

c) repeating steps a and b with at least cro further stepped waveform until dempdulatibn sequences are gen- 
erated such ftat said emeries is satisfied; ^ then ,, , . v = ." '' i 

d) selecting said steppefl,waveforrn that corresponds to thedemodulation secjuences that satisfy said; criterion. 

9. ■ A method as defined in Claim 8 wherein the step of generating a primary and a secondary demodulation sequence 

corresponding to a chosen sequence further includes the step of assigning +1, or v| to predetermined trar^sjtipn^ of 
said mapping. ' " r , 

10. A method as defined in. Claim 9 further charaderi'zed in that me.step.of deriving said primary, sequence further 
includes the steps of 

aj assigning +1 to each counterclockwise transition of said mapping; and 
b) assigning -1 to each clockwise transition of said mapping. 

11. A method as definedjn Claim 10 further characterized in that the step of deriving said secondary sequence further: 
includes the steps of t . ' • , I 

a) assigning a +1 value every time a transition crosses a rollover axis of said mapping; and 

b) assigning a -1 valu^ eve?y time a trareitionc^ : 

12. A method as defined in Claim 1 1 wherein the step of comparing said demodulation sequences includes the steps 

of: . ; .-, '■■> ■•• 

a) multiplying said sequences together on an element-toy-element basis; and then 

b) summing said rriulttplication products. . 

1 JL^A method as defined in Claim 12 wherein the step of selecting furjher includes the step of selecting a sequence in 
- ^ which the sum of said multiplication products is equal to-zero. 

14. A method as defined in Claim .13 further including the steps of: 

a) multiplying each ofjSaid phase shifts by said primary demodulation sequence on an element-by-element 
basis; then 

b) summing said multiplication products; and ttien 

c) selecting a sequence in which the sum of said multiplication products is zero. 

15. A method as defined in Oaim 13 or 14 further including the steps of: , . lc 

a) multiplying each of said phase shifts by said secondary demodulation sequence on an element-by-element 
baa's; then 

b) summing said multipficatjon products; and then 

c) selecting a sequence in which the sum of said nuilb'plication products is zero. 

1 6. A method as defined in Claim 13 further including the steps of: 

a) calculating the values of the transitions between consecutive phase shifts of said sequence; then 
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b) multiplyfng each of said transitions by said pnmary demodulation sequence on'an element-by-element 
basis; then 

c) summing said multiplication products; and then 

d) selecting a sequence in a which the sum of said multiplication products is zero. 

17; A method for generating a waveform for driving the phase modulator of a Sagnac interferometer comprising the 
steps of: :r - ; ' ' 

a) deriving a modulo 2a mapping of values by (i) tfivitffigsaW modulo 2ft mapping into S segments, S being a 
whole number in accordance with Sx 6 = 2wN , where 9 is \eod2b\ and N is an integer; and Qi) assigning a 
value'tor driving said modulatc^ fo eactr'bf safase^rrterits sd that each transition between adjacent mapping 
segments in a first angular direction is ax/2b or -(4b-a)jt/2b and each transition between adjacent mapping 
segments in the opposite angular direction is -an/feb or (4b-a)rc/2b ; theVi 

b) traversing said mapping according to a predetermined Sequence through all said segments in a first direc- 
tion and through all said segments in the opposite direction to generate a stepped Waveforrn; then 

c) generating primary and secondary demodulation sequenoes.^ 4 ODn-e6pQnfl;^, said stewed waveform; 

d) comparing said primary and secondary d&rtbdulation sequem^s in icoSrdaVice with a predetermined crite- 
rion; then 

e) repeating step b until demodulation sequences are generated such that said criterion is satisfied; and then 
0 selecting- said stepped waveform that corresponds to ther' demodulation sequences that satisfy said criterion 

18. A method as defined in Claim 17 wherein said criterion is orthogonality of primary and secondary demodulation 
sequences with respect to one another 

19. In a method for measuring rotation rate of the type in which a pair of fight beams cpunterpropagate within a coil of. 
optical ftoer and are modulated by means of a series of artificial "phase shifts imposed therebetween during each 
loop transit time, the improvement comprising the step of selecting said phase shifts from among values of ±a*/2b 
and ±(4b-a)rt/2b where a is an odd integer and b is an integer greater than 1. 

20. A method as defined in Claim f 9 wherein the step Of selecting said phase shifts further comprises the step of deriv- 
ing a modulo Z% mapping of values for driving said modulator. 

21. A method as defined in Claim 20 wherein said step of deriving a modulo 2% radian mapping further comprises the 
steps of: 

a) dividing said modulo 2* mapping into S segments, S being a whole number in accordance with ' " 

-e- ■ -v •. -sxJe'iijtN' " ' ' ' '" ^ ' ; ^' r ^.-"'V 

where e is |an/2b| and N is an integer; and 

b) assigning a value for driving said modulator to each of said segments so that each transition between adja- 
cent mapping segments in a first angular direction corresponds to ax/2b or -(4b-a)*/2b and each transition 
between adjacent mapping segments in the Opposite angular direction corresponds to a phase shift of -an/Zb 
or (4b-a)*/2b . 

22. A method as defined in Claim 21 further including the step of selecting said values for driving said modulator by: 

a) traversing said mapping through all said segments in a first angular direction; and 

b) traversing said mapping through all said segments in the opposite angular direction. 

23. A method as defined in Claim 22 further including the steps of deriving said stepped waveform by traversing said 
mapping in accordance with a pseudo-random sequence 

24. A method as defined in Claim 22 further including the step of deriving said stepped waveform by traversing sad 
- mapping in accordance with a randomly generated sequence. 

25. A method as defined in Claim 22 including the step of deriving sad stepped waveform by traversing sad mapping 
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in accordance with a deterministic sequence. 

26. A method as defined in Ciaim 25 further including the steps of: 

5 a) generating primary and secondary demodulation sequences that correspond to said traversing of said map- 

ping; then 

b) comparing said primary and secondary demodulation sequences in accordance with a predetermined crite- 
rion; then 

c) repeating steps a,and b with at least one further stepped waveform until demodulation sequences are gen- 
10 erated such that said criterion is satisfied; and then 

": >w .. d) selecting said stepped waveform that corresponds to the demodulation sequences that satisfy said criterion. 

;• " 

27. In a Sagnac interferometer for measuring rotation rate about at least one axis of the type that includes a phase 
modulator for applying a sequence of optical phase shifts of duration equal to the sensor coil transit time to a pair 

is of light beams counterpropagating within at least one sensor coil and means for combining and for demodulating 
said.at least one beamjdir to determine rotation rate about at least one axis, the improvement comprising a gen- 
erator for providing a brf .sequence to said phase modulator for deriving a stepped waveform to impose a sequence 
of artificial phase shifts of ±an/2b and ±(4b-a)n/2b where a is an odd integer and b is an integer greater than 1. 

20 28. A Sagnac interferometer as defined in Claim 27 wherein said generator further includes a random number gener- 
ator ■ ■r;* 

29. A modulo 2n mapping for generating a stepped. waveform to drive the phase modulator of a fber optic gyroscope 
whereby artificial phase shifts of ±ajt/2b and ±(4b-a)/2b . where a is an odd integer and b is an integer greater 
25 than 1, are imposed upon beams counterpropagating within the gyro sensor coil, comprising, in combination; 

a) said mapping comprising a closed circle; 

b) said circle being divided into S segments where each of said segments is associated with a value of said 
stepped waveform; 

so c) S being a whole number in accordance with 

SxO = 2«N 
where 0 is |an/2b| and N is an integer; and 

d) said values of said segments being such that each transition between adjacent segments in a first angular: 
direction is equal to a step of an/2b or -(4b-a)n/2b and each transition between adjacent segments in the 
opposite angular direction is equal to a step of -an/2b or (4b-a)n/2b . 

A modulo 2a mapping as defined in Qairn 29 further characterized in that none of said values exceeds 2k. 

A modulo 2n mapping as defined in Claim 30 further including a rollover axis marking the boundary between adja- 
cent segments whose values decrease In said first angular direction. 
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